Abelson murine leukemia virus (Ab-MLV) induces pre-Bcell lymphoma in mice and transforms primary pre-B cells, some factor-dependent hematopoietic cell lines, and several immortalized fibroblastoid cell lines in vitro (reviewed in ref- erence 37) . The protein tyrosine kinase activity of the v-Abl protein, the single product of Ab-MLV, is required for transformation. This activity stimulates multiple downstream signaling pathways, including those involving Ras, phosphatidylinositol 3-kinase (PI3-K), Raf, Myc, and Akt, all of which are required for transformation (40, 41, 43-45, 51, 54) . In addition, several forms of abl oncogenes upregulate the expression of antiapoptotic Bcl-2 family members (1, 2, 4, 39, 46, 53) . As a consequence, growth is stimulated and apoptosis is suppressed (5, 8, 9) . However, the way in which the different signaling pathways are coordinated to give rise to transformed cells is not fully understood.
Although v-Abl transmits potent signals that affect apoptosis and growth, the cellular response to these oncogenic signals also influences transformation. These cellular signals involve the p19Arf-p53 pathway (reviewed in reference 42). Ab-MLVinfected pre-B cells must overcome the effects of this pathway in order to become fully transformed cell lines with malignant potential (32, 47, 48) , and the transformation defects of some Ab-MLV mutants are reduced when p53-null cells are used as a target population (49, 55) . Many transformants acquire p53 mutations as they become established (21, 32, 47) , while others down-modulate the expression of the p19Arf protein, a molecule that can activate p53 through effects on Mdm2 (42) . This latter type of transformant retains functional p53 protein and responds to gamma irradiation by undergoing rapid apoptosis and upregulating the expression of the p53-responsive gene p21Cip1 (47) . Thus, in these cells, under normal conditions, p53 no longer senses the oncogenic signals transmitted by v-Abl. Down-regulation of p19Arf expression appears to be important for this event because ectopic expression of the protein induces apoptosis (32) .
The complex relationship between growth-stimulatory and survival signals delivered by v-Abl and growth-suppressive and proapoptotic signals emanating from the cell is exemplified by the phenotype of the P120/R273K mutant. This mutant expresses a v-Abl protein in which the FLVRES pocket in the SH2 domain has been altered and fails to activate the mitogenactivated protein (MAP) kinase pathway and to stimulate normal pre-B-cell growth at 39.5°C (24) . However, P120/R273K is able to transform bone marrow cells from p53-null mice at the high temperature (49) , suggesting that P120/R273K is a useful tool for probing the way in which v-Abl interacts with the p53 pathway. To this end, we have taken advantage of this mutant and the temperature-sensitive (ts) 7C411 cell complementation assay (14) , an assay that monitors the ability of Ab-MLV strains or other oncogenes to reverse the growth suppression and apoptosis characteristics of pre-B cells transformed with ts kinase domain mutants (5, 16) . When P120/R273K was expressed in 7C411 cells, apoptosis at the nonpermissive temperature was suppressed, a feature that was correlated with the expression of activated Akt and the presence of wild-type p53. Consistent with a role for p53 in the rapid apoptosis that follows v-Abl inactivation, p53-null cells expressing a ts kinase domain mutant did not grow at the nonpermissive temperature but did display extended survival. These data suggest that functional p53 is important for mediating apoptosis in fully transformed pre-B cells and that v-Abl-mediated activation of the Akt pathway plays an important role in the response.
MATERIALS AND METHODS
Cells and virus preparation. The ts Ab-MLV-transformed pre-B-cell line 7C411 was derived by infecting bone marrow cells with ts Ab-MLV strain P70/ H590 (16) and was grown routinely in RPMI 1640 medium supplemented with 10% fetal calf serum (Sigma), 50 M 2-mercaptoethanol, and 2 M L-glutamine. The cells were maintained at 34°C, the permissive temperature for the ts Ab-MLV mutants; the nonpermissive temperature used in all experiments was 39.5°C. 293T cells (13) were maintained in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% fetal calf serum; transient transfection of these cells was used to prepare virus stocks as described previously (24) . Bone marrow cells from p53-null mice were infected with ts mutant P120/GϩH (16) in the presence of 4 g of Polybrene/ml and plated at 2 ϫ 10 6 nucleated cells per ml in 35-mm tissue culture plates at 34°C. Rapidly growing pre-B cells were harvested from the culture about 2 weeks later and maintained at 34°C. To obtain derivatives of 7C411 cells expressing wild-type or mutant Ab-MLV or other oncogenes, 10 6 cells were infected with retroviruses expressing the gene of interest and a drug resistance gene in the presence of 4 g of Polybrene/ml for 4 h. In some experiments, 2 ϫ 10 7 cells were electroporated (300 V, 960 F) by using a Bio-Rad gene pulser in the presence of 20 g of plasmid DNA expressing the gene under study. The cells then were plated in standard growth medium; 24 h later, 1 mg of G418/ml or 1.5 g of puromycin/ml was added to the medium, and the cells were plated in 96-well plates. Populations of G418-resistant or puromycin-resistant cells were isolated 7 to 14 days later.
Plasmids and viral mutant construction. All of the Ab-MLV strains were prepared from Ab-MLV strain P120 originally contained in vector pUC120 (15) . P120/D484N expresses a kinase-negative v-Abl protein in which aspartic acid 484 in the ATP binding region has been replaced by an asparagine; this protein lacks kinase activity (33) . P120/Y514F expresses a v-Abl protein in which tyrosine 514, the major autophosphorylation site (36) , has been replaced by a phenylalanine. P120/R273K expresses a v-Abl protein in which arginine 273 in the conserved FLVRES motif has been replaced by a lysine (24) . These sequences were expressed in retroviral vector pSR␣ MSVtkneo (29) . The Ab-MLV P120GϩH mutant expresses a v-Abl protein in which lysine 536 has been replaced by a glycine residue and tyrosine 590 has been replaced by a histidine residue (16) ; this mutant was expressed in vector pMIG (19, 50) . The fragments containing the Ha-Ras and Myr-Akt coding sequences were removed from pSR␣ MSVtkneoHa-Ras (41) and pSR␣ MSVtkneo-Myr-Akt (17), respectively, by using EcoRI and were cloned into retroviral vector pBabe-puro (27) , which contains a puromycin resistance gene. Ras(12V, 35S) (52), Ras(12V, 37G) (52), and Ras(12V, 40C) (22) were expressed in either pBabe-puro or pMSCV-puro (19) and introduced into 7C411 cells by electroporation.
Protein analysis. Cell lysates were prepared exactly as described previously (6) . Briefly, the cells were washed twice with phosphate-buffered saline and treated with lysis buffer (10 mM Tris [pH 7.4], 1% sodium dodecyl sulfate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride). The lysates were boiled immediately and sheared through a 25-gauge needle. In some cases, the cells were treated with wortmannin at a final concentration of 50 nM for 40 min before the samples were lysed. The amount of proteins was quantitated by using a bicinchoninic acid protein assay kit (Pierce) according to the manufacturer's instructions, and 50 g of each sample was fractionated through a sodium dodecyl sulfate-polyacrylamide gel. The proteins were transferred to polyvinylidene difluoride membranes (Millipore) and then subjected to Western blotting with anti-Gag/v-Abl (H548) (7), anti-Akt1 PH domain (Upstate Biotechnology), anti-phospho-Akt serine 473 (Cell Signaling Technology), antiphosphotyrosine (Upstate Biotechnology), anti-p53 (Calbiochem), anti-Bcl-x (Santa Cruz), antiBcl-2 (Santa Cruz), anti-p19Arf (Novus), anti-Ras (Transduction Laboratories), antihemagglutinin (BABCO), and anti-␤-actin (Sigma) antibodies. The proteins were visualized by using a chemiluminescence kit (Tropix).
Proliferation and apoptosis assays. Cells were seeded at 10 6 cells/ml, maintained at 34 or 39.5°C, and counted by using a hemocytometer; viability was determined by trypan blue exclusion. Duplicate samples were counted at each time point, and each experiment was repeated three or more times. For cell cycle analysis, cells were suspended in 1.12% sodium citrate containing 2 mg of RNase A/ml and then mixed with an equal volume of 0.2% Triton X-100-0.1% sodium citrate containing 100 g of propidium iodide/ml (5). Samples were analyzed immediately by using a FACScan instrument (Becton Dickinson) and ModFit Software (Verity Software). To monitor apoptosis, cells were stained with propidium iodide or merocyanin 540, a dye that specifically stains apoptotic cells (35) , and analyzed by flow cytometry; comparable results were obtained with both methods.
RESULTS
The expression of P120/R273K supports survival at the nonpermissive temperature. The P120/R273K mutant is highly compromised in its ability to transform pre-B cells from wildtype mice at 39.5°C and does not activate the MAP kinase pathway or stimulate growth when expressed in the ts 7C411 cell line at 39.5°C (24) . To examine the effect of P120/R273K expression on the apoptotic response characteristics of pre-B cells transformed with a ts kinase domain mutant (5, 16), 7C411 cells were superinfected with P120/R273K or wild-type P120. Two other Ab-MLV mutants that do not transform pre-B cells at any temperature (24, 33 ; unpublished data)-P120/D484N, a kinase-negative strain, and P120/Y514F, a mutant that expresses a v-Abl protein in which a tyrosine that is strongly autophosphorylated (36) has been replaced by a phenylalanine-were used as additional controls. A minimum of five independent populations expressing the different viruses were selected at the permissive temperature by using the drug resistance marker present in the superinfecting virus. All of the samples, including the representatives shown (Fig. 1A) , expressed v-Abl proteins of the expected sizes at both the permissive and the nonpermissive temperatures and grew equally well at the permissive temperature (data not shown). Immunofluorescence staining with an antibody that reacts with carboxyl-terminal determinants present in the P120 proteins but not in the P70 protein revealed that greater than 90% of the cells in these populations expressed the protein encoded by the superinfecting virus (data not shown). Despite this finding, all of the populations except those expressing P120 displayed reduced levels of tyrosine phosphorylation at the nonpermissive temperature (Fig. 1A) .
To assess the ability of mutants to rescue the apoptotic phenotype characteristics of cells transformed by ts kinase domain mutants (5), superinfected 7C411 cell populations were shifted to the nonpermissive temperature and monitored for survival (Fig. 1B) . As expected (14) , 7C411 cells expressing P120 maintained high viability at 39.5°C; those expressing kinase-inactive P120/D484N or P120/Y514F were similar to parental 7C411 cells and underwent rapid apoptosis at this temperature. In contrast, the apoptotic response was blunted in cells expressing P120/R273K; between 40 and 45% of the cells remained viable throughout the 2-day experiment. Although many of these cells survived, consistent with earlier experiments (14, 24) , only cells superinfected with wild-type virus proliferated at the nonpermissive temperature (data not shown). Thus, the expression of P120/R273K suppresses the apoptotic response characteristic of cells transformed by ts kinase domain mutants at the nonpermissive temperature.
These data indicate that even though P120/R273K cannot transform pre-B cells at 39.5°C (49) , it transmits signals that are sufficient to suppress apoptosis.
Ras can suppress apoptosis at the nonpermissive temperature. The Ras pathway is an important signaling pathway stimulated by v-Abl (41, 56 ). An earlier study (14) revealed that the expression of Ras was not sufficient to restore the growth of ts transformants at the nonpermissive temperature. However, Ras-mediated effects on cell survival were not investigated. To explore this avenue, populations of 7C411 cells expressing HaRas were derived at the permissive temperature, and their survival following a shift to the nonpermissive temperature was analyzed ( Fig. 2A and B) . Like populations expressing P120/ R273K, cells expressing Ras displayed enhanced survival at the nonpermissive temperature. Consistent with earlier experiments (14) , the cells did not proliferate and accumulated in the G 1 phase of the cell cycle (Table 1) .
Signals from Ras to PI3-K stimulate survival. Ras can stimulate multiple downstream signaling elements. Partial loss-offunction mutants of Ras-including Ras(12V, 35S), which activates the Raf/MAP kinase pathways (2), Ras(12V, 37G), which interacts with Ral-GDS (2), and Ras(12V, 40C), which activates PI3-K (22)-can be used to distinguish the effects of the different Ras effector pathways (26) . A panel of 7C411 cells expressing each of these forms of Ras was isolated and tested for survival at the nonpermissive temperature. Like 7C411 cells expressing wild-type Ras, those expressing Ras(12V, 40C), which activates the PI3-K pathway, displayed extended survival at the nonpermissive temperature (Fig. 2C) . The expression of either Ras(12V, 35S) or Ras(12V, 37G) had no effect on survival and, as expected, none of the cells expressing any of the Ras forms proliferated at the nonpermissive temperature (data not shown). These data demonstrate that signals transmitted from Ras via the MAP kinase or Ral pathway alone are not sufficient to sustain the viability of cells, while those transmitted via the PI3-K pathway can extend cell survival.
Akt remains active in cells expressing P120/R273K and can suppress apoptosis. Akt is a key intermediate downstream of Ras and the PI3-K pathway that is important in mediating the survival of cells transformed by several forms of abl oncogenes (25, 38, 43) . To determine whether active Akt correlates with cell survival at the nonpermissive temperature, parental 7C411 cells and populations expressing P120 or P120/R273K were maintained at the permissive temperature or shifted to the nonpermissive temperature for 30 h. Western blot analysis revealed that all of the samples prepared at the permissive temperature expressed phosphorylated Akt (Fig. 3A) , a modification that correlates with enzyme activity (23) . When 7C411 cells were maintained at the nonpermissive temperature, the level of Akt decreased and less phosphorylated Akt was recovered. In contrast, cells expressing P120 and P120/R273K ex- pressed similar levels of Akt at both temperatures, and the amount of phosphorylated Akt was unaffected by incubation at 39.5°C. These data demonstrate that the P120/R273K mutant retains the ability to signal to Akt at the nonpermissive temperature and suggest that Akt may be required for the extended survival observed in cells expressing this mutant.
If the expression of activated Akt plays a critical role in suppressing the apoptotic response in Ab-MLV-transformed cells, 7C411 cells expressing a constitutively active form of the protein should be phenotypically similar to 7C411 cells expressing P120/R273K. To test this idea, 7C411 cells were infected with a retroviral vector expressing a constitutively active, myristoylated form of Akt (17), and populations expressing this protein were selected at the permissive temperature (Fig. 3B) . When these cells were shifted to the nonpermissive temperature, 30 to 40% of the cells survived during the 48-h experiment (Fig. 3C) . However, consistent with the phenotype of R273K-expressing cells (24) , the surviving cells were arrested in the G 1 phase of the cell cycle (Table 1) .
Bcl-2 and Bcl-x levels show a modest decrease or no decrease at the nonpermissive temperature. The ability of Akt to foster the survival of ts transformants suggests that Akt is a critical intermediate in the v-Abl survival pathway. Akt can affect survival mediated by Bcl-2 family members (3, 11, 12) , and the expression of several forms of abl oncogenes increases the levels of antiapoptotic members of the Bcl-2 family (1, 2, 4, 39, 46, 53). In addition, the overexpression of either Bcl-2 or Bcl-x enhances the survival of v-Abl-transformed cells when the kinase is inactivated (6, 28) . To determine whether changes in Bcl-2 and Bcl-x levels correlated with cell survival, cell lysates were examined by Western blotting. Bcl-2 levels decreased severalfold when 7C411 cells were incubated at the nonpermissive temperature but did not decrease in 7C411 cells expressing either P120 or P120/R273K (Fig. 4A) . These data could indicate that this decrease in Bcl-2 levels contributes to apoptosis in 7C411 cells. However, the levels of Bcl-2 recovered in 7C411 cells at the nonpermissive temperature are similar to those observed in 7C411 cells expressing P120/R273K at 39.5°C, suggesting that this decrease may not be functionally important in the apoptotic response. Bcl-x levels were similar at both the permissive and the nonpermissive temperatures (Fig. 4B) , indicating that the loss of v-Abl function does not affect the expression of this protein, at least during the time period examined. These data suggest that changes in these Bcl-2 family proteins probably do not play a dominant role in determining cell survival at the nonpermissive temperature.
7C411 cells retain wild-type p53. Another target of Akt is the p53 regulatory protein Mdm2; phosphorylation of Mdm2 by Akt increases the ability of Mdm2 to target p53 for degradation, thereby interfering with p53 activity (18) . About half of all pre-B cells fully transformed by Ab-MLV express wild-type p53 (47) . To determine whether 7C411 cells retain wild-type p53, the response of the cells to gamma irradiation was exam- ined. Ab-MLV-transformed cells that retain wild-type p53 respond to gamma irradiation by undergoing rapid apoptosis, an event that is characterized by the stabilization of p53 (47) . When 7C411 cells were irradiated, Ͼ90% of the treated cells underwent rapid apoptosis. In addition, steady-state levels of p53 increased markedly in the cells following irradiation (Fig.  5A ). These data indicate that 7C411 cells retain a functional, wild-type p53 protein.
Although Akt activity influences p53 activity (18) , the p19Arf protein is known to be a critical intermediate in regulating p53 responses during Ab-MLV transformation (32) . Fully transformed cell lines that retain wild-type p53 usually have down-modulated endogenous p19Arf expression, but because the reexpression of p19Arf is sufficient to induce apoptosis in transformants expressing wild-type p53 (32), we examined the possibility that the inactivation of v-Abl in 7C411 cells allows the reexpression of endogenous p19Arf. However, Western blotting of cell lysates prepared from these cells and populations expressing P120 or P120/R273K with anti-p19Arf antibodies demonstrated that p19Arf was not detected in any of these cells at either the permissive or the nonpermissive temperature (Fig. 5B) . Thus, p19Arf does not play a role in the apoptotic response characteristics of cells in which the v-Abl kinase has been inactivated by a temperature shift.
p53-null cells transformed by a ts kinase domain mutant do not undergo rapid apoptosis at the nonpermissive temperature. Several observations suggest that p53 function could be important for rapid apoptosis when ts cells are shifted to the nonpermissive temperature. To test this possibility directly, ts cell lines were prepared from p53-null mice with the ts Ab- MLV mutant P120/GϩH (16) and maintained at 34°C. The P120/GϩH mutant was used because it transforms pre-B cells more readily than P70/H590, the mutant used to generate 7C411 cells; cells transformed by both viruses are similar (16) . Cells then were shifted to 39.5°C, and growth and survival were examined. Cell cycle analysis revealed that all five p53-null cell lines transformed with the ts virus, including the representatives shown (Fig. 6) , underwent G 1 arrest at the nonpermissive temperature but displayed lower levels of apoptosis than ts transformants that retained functional p53 (Table 2 ). These data suggest that functional p53 contributes to apoptosis in ts transformants. When considered in the context of the results of experiments examining Akt and p19Arf, the data also indicate that p53 is activated in an Arf-independent but Akt-dependent fashion in ts cells maintained at the nonpermissive temperature.
DISCUSSION
Our study reveals that functional p53 contributes to apoptosis when the v-Abl protein is inactivated in cells transformed by a ts kinase domain mutant. These data suggest that v-Abl suppresses the function of wild-type p53 in transformants that become fully established and retain wild-type p53, expanding the ways in which p53 affects Ab-MLV-transformed cells. Depending on the stage of the transformation process, different pathways play dominant roles in the p53 response. Growth signals passing through the MAP kinase pathway and c-Myc appear to be important for the p53-mediated effects that have an impact on primary transformation (49, 55) , and the p19Arf regulatory pathway plays a central role during the crisis phase (32, 48) . In fully transformed cells, sustained signaling via the PI3-K/Akt pathway is sufficient to suppress apoptosis. These effects likely reflect the ability of Akt to regulate p53 through effects on Mdm2 (18) . Alternatively, several pathways may be involved in apoptosis suppression, including some that may function in a p53-independent fashion. Nonetheless, unmasking the effects of p53 in fully transformed cells suggests that interfering with pathways that suppress p53 function at any stage of the transformation process will have a significant impact on tumorigenesis.
The ts complementation assay can be used to reveal functions retained by forms of Abl under conditions where the mutants cannot induce transformation and allows a comparison of different mutants and other oncogenes in a uniform genetic background. The effects of P120/R273K on survival revealed by this assay illustrate this point. P120/R273K does not transform normal pre-B cells at 39.5°C and fails to activate the MAP kinase pathway at this temperature (24, 49) ; the latter pathway is required for the growth of transformed pre-B cells but is not essential for their survival (unpublished data). However, signals from the mutant are sufficient to sustain Akt activation and reveal a survival phenotype that is not evident in primary transformation assays. Consistent with these findings, activated Akt is not sufficient to transform pre-B cells (unpublished data), even though signals transmitted via Akt participate in both stimulating growth and blocking apoptosis in a variety of systems (reviewed in references 10 and 34). Indeed, the requirement for Akt activation by other forms of abl oncogenes (43) (44) (45) may reflect the ability of active Akt to suppress apoptosis.
Several investigators have shown that active forms of Abl increase the expression of different antiapoptotic Bcl-2 family members in interleukin 3 (IL-3)-or IL-7-dependent cells (1, 2, 4, 39, 46, 53) . In these instances, activated Abl replaces signals normally provided by the cytokine, and these pathways may not be identical to those used for the transformation of primary pre-B cells. Consistent with this idea, IL-3 does not support the survival of ts transformants at the nonpermissive temperature (unpublished data). Nonetheless, modest decreases in the levels of Bcl-2 were observed when 7C411 cells were shifted to the nonpermissive temperature, and the overexpression of Bcl-2 or Bcl-x in transformants following v-Abl inactivation does suppress apoptosis (5, 28). Because apoptosis suppression is not complete in ts cells expressing P120/R273K or in those expressing Ras or Akt, some circuits that normally contribute to cell survival likely either are missing or are incompletely activated under these circumstances, and some of the missing signals may have an impact on Bcl-2 family member function.
The analysis of P120/R273K revealed that a fully functional SH2 domain is not required for v-Abl-mediated signaling to Akt. However, the pathway by which Akt activation is sus- tained in cells expressing the mutant is not fully clear. P120/ R273K may signal to Akt via Ras. Ras can stimulate PI3-K and Akt, and experiments with Ras(12V, 40C) revealed that a signal delivered in this fashion is sufficient to promote survival. However, P120/R273K transmits reduced signals to Ras and does not promote the phosphorylation of Erk at the nonpermissive temperature (24) . Nonetheless, reduced signaling to Ras may be sufficient to stimulate PI3-K-mediated signaling. Alternatively, P120/R273K may not affect survival via this circuit and may signal directly through PI3-K or through effects mediated via protein kinase C family members (4, 30) . Because both activated Akt and the Ras alleles used here were ex- FIG. 6 . ts transformants from p53-null mice undergo G 1 arrest at the nonpermissive temperature. 7C411 cells (A) or two independently derived transformed cell lines derived by infecting p53-null bone marrow with ts kinase mutant P120/GϩH (B and C) were maintained at the permissive temperature (34°C) or shifted to the nonpermissive temperature (39.5°C) for 21 h. The cells were stained with propidium iodide and analyzed by flow cytometry. The results shown are representative of analyses of at least eight independently derived ts transformants for wild-type mice and five independently derived p53-null ts cell lines.
pressed at levels higher than those normally present in cells, it is also possible that molecules not normally targeted by these proteins can be activated in cells. Additional analyses with the ts complementation assay should help to uncover the pathway(s) involved.
The expression of the Y514F mutant does not affect the growth or survival of 7C411 cells at the nonpermissive temperature. Although this mutant transforms NIH 3T3 cells, it does not transform pre-B cells (unpublished data). Thus, mutations affecting this autophosphorylation site dramatically reduce the ability of the protein to transmit downstream signals. Bcr/Abl alleles containing the analogous mutation are deficient in fibroblast transformation but restore factor-independent growth of IL-3-dependent hematopoietic cells (8, 31) . These data may reflect inherent differences in the pathways used by Bcr/Abl and v-Abl or differences in the transformation of primary pre-B cells and a factor-dependent cell line. These differences also may explain the ability of Bcr/Abl alleles lacking SH2 function to replace signals normally provided by IL-3 in factordependent hematopoietic cells (8, 20) .
The expression of activated Akt or P120/R273K or a loss of p53 failed to rescue all of the ts transformants from apoptosis, suggesting that these are not the only pathways that are important for cell survival. Such pathways may intersect with those studied here or may function independently. Rescue experiments in which additional intermediates are introduced into partially protected cells might reveal additive effects and help to determine whether the apoptosis suppression occurs in a linear fashion. In addition, neither Akt nor P120/R273K stimulated growth at 39.5°C, and p53-null transformants did not grow in the absence of an active v-Abl protein. Thus, none of these signals can replace those provided by v-Abl. The expression of c-Myc, another critical intermediate in the v-Abl transformation pathway (40) , is not maintained at the nonpermissive temperature under circumstances where the cells survive but do not grow (24) , suggesting that this molecule plays a more critical role in growth than in survival. However, like that of the other proteins discussed here, the expression of c-Myc in the ts 7C411 cell line does not restore growth at the nonpermissive temperature (14) . When considered as a whole, these data suggest that the activation of multiple pathways, including those that play a dominant role in stimulating growth and others that play a dominant role in suppressing apoptosis, is required for Ab-MLV-mediated transformation. a Cells were incubated at the indicated temperatures for 24 h, stained with merocyanin 540, and analyzed by flow cytometry. The null cell lines shown are representative of seven independent p53-null ts cell lines that were analyzed two to four times. The cell lines that retained wild-type p53 and that were transformed with either wild-type or ts Ab-MLV are representative of eight independent cell lines that were described earlier (5) . In some experiments, cells were stained with propidium iodide instead of merocyanin 540; comparable results were obtained.
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